A total of 602 samples of organically and conventionally grown barley, oats and wheat was collected at grain harvest during [2002][2003][2004] in Norway. Organic and conventional samples were comparable pairs regarding cereal species, growing site and harvest time, and were analysed for Fusarium mould and mycotoxins. Agronomic and climatic factors explained 10-30% of the variation in Fusarium species and mycotoxins. Significantly lower Fusarium infestation and concentrations of important mycotoxins were found in the organic cereals. The mycotoxins deoxynivalenol (DON) and HT-2 toxin (HT-2) constitute the main risk for human and animal health in Norwegian cereals. The impacts of various agronomic and climatic factors on DON and HT-2 as well as on their main producers F. graminearum and F. langsethiae and on total Fusarium were tested by multivariate statistics. Crop rotation with non-cereals was found to reduce all investigated characteristics significantly -mycotoxin concentrations as well as various Fusarium infestations. No use of mineral fertilisers and herbicides was also found to decrease F. graminearum, whereas lodged fields increased the occurrence of this species. No use of herbicides was also found to decrease F. langsethiae, but for this species the occurrence was lower in lodged fields. Total Fusarium infestation was decreased with no use of fungicides or mineral fertilisers, and with crop rotation, as well as by using herbicides and increased by lodged fields. Clay and to some extent silty soils seemed to reduce F. graminearum in comparison with sandy soils. Concerning climate factors, low temperature before grain harvest was found to increase DON; and high air humidity before harvest to increase HT-2. F. graminearum was negatively correlated with precipitation in July but correlated with air humidity before harvest. F. langsethiae was correlated with temperature in July. Total Fusarium increased with increasing precipitation in July. Organic cereal farmers have fewer cereal intense rotations than conventional farmers. Further, organic farmers do not apply mineral fertiliser or pesticides (fungicides, herbicides or insecticides), and have less problem with lodged fields. The study showed that these agronomic factors were related to the infestation of Fusarium species and the concentration of mycotoxins. Hence, it is reasonable to conclude that farming system (organic versus conventional) impacts Fusarium infestation, and that organic management tends to reduce Fusarium and mycotoxins. However, Fusarium infestation and mycotoxin concentrations may be influenced by a range of factors not studied here, such as local topography and more local climate, as well as cereal species and variety.
Introduction
Fusarium is a common mould in cereal fields. The infestation (superficial contamination) and infection of Fusarium in cereals are of great concern worldwide -as plant pathogens and producers of mycotoxins. Several factors influence the occurrence of Fusarium in the soil and the infestation and infection it generates in cereal plants. Geographical factors including climate are of superior importance for the occurrence of Fusarium and for the pattern of infestation by various Fusarium species (Placinta et al. 1999; Miller 2008) . Under Norwegian conditions, mycotoxins have been a problem, especially in oats (Avena sativa L.), but also in spring wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.). By less favourable weather conditions at grain harvest, significant amounts of cereals may become unsuited for animal fodder, especially for pigs which are particularly sensitive. The problem has increased over time, and several trends in agriculture such as more humid growing seasons, soil compaction (heavier machinery), specialised cash cropping (lack of crop rotation), and reduced soil tillage combined with herbicide spraying may contribute to explain this increase. The concentrations and patterns of mycotoxins produced are dependent on the Fusarium species as well as the cereal species (Foroud and Eudes 2009; Bernhoft et al. 2010; Hofgaard et al. 2010 ).
Several studies have found no significant influence of farming system on the mycotoxin levels in cereals. However there is also a range of papers reporting lower Fusarium mycotoxins in organically than in conventionally produced cereals (reviewed in Ko¨pke et al. 2007; Bernhoft et al. 2010) . Bernhoft et al. (2010) reported significantly lower Fusarium infestation and levels of the mycotoxins deoxynivalenol (DON), HT-2 toxin and T-2 toxin in samples of organic cereals compared with paired samples of conventional cereals (n ¼ 602). These mycotoxins are regarded as those of major concern for human and animal health in Northern Europe (Edwards et al. 2009 ). In the present study, the differences between organic and conventional cereal samples reported by Bernhoft et al. (2010) are further elaborated, based on multivariate statistical analysis. The aim was to reveal which agronomic and climatic factors are most closely related to the Fusarium infestation and mycotoxin concentrations, and thereby explain the reasons for the significant impact of the farming system.
Materials and methods
Sampling of cereals and information at the farms Samples of organically and conventionally grown barley, oats and spring wheat were collected shortly after grain harvest (within 4 days) in the autumns of 2002, 2003 and 2004 at farms in the main cereal districts in Norway. Organic and conventional cereals were sampled as pairs of the same species harvested at about the same date (within 2 days) from farms localised close to each other (a maximum of a few kilometres distance). Thus, for the organic and conventional paired samples, the climate and soil conditions should be comparable. Samples of barley and oats were collected in four regions: (1) Akershus and Østfold; (2) Buskerud, Vestfold and Telemark; (3) Hedmark and Oppland, all counties in eastern Norway; and (4) South and North Trøndelag counties in central Norway. Samples of wheat were not collected in region 4, as wheat is rarely produced so far north. Region 3 was not sampled in 2002. Apart from these exceptions, the samples were evenly collected in the various regions. The numbers of paired samples of barley, oats and wheat were 108, 101 and 92, respectively, in total 301 pairs.
The sample collectors were skilled persons from the Norwegian Agriculture Control Authority, the Norwegian Veterinary Institute, and in 2004 also from the Norwegian Agricultural Extension Service. More details on the cereal sampling are given in Bernhoft et al. (2010) .
In connection with the sampling, the farmers were interviewed on topics related to their cereal production following an interview guide prepared by the authors of this paper. These data were used as explanatory variables in multivariate tests to reveal the most important factors influencing the Fusarium infestation and the mycotoxin contamination of the cereals.
Climate registration
For registration of climate parameters, the weather database of Bioforsk (2011) was used. Data for 2002-2004 were collected from one climate registration station situated centrally in each cereal sampling region. Rakkestad, Sande, Moelv and Frosta were chosen for regions 1, 2, 3 and 4, respectively. The collected data were mean air temperature, mean precipitation and mean relative humidity for July each year and for the last 2-week period before harvest of each cereal sample. These data were selected to reveal if the flowering and grain maturing seasons were dry or humid, as this has a large impact on the Fusarium infestation.
Fusarium and trichothecene analyses
To study the frequency of isolation of Fusarium spp. from kernels, 49 kernels were plated out on agar, incubated and identified as described in Bernhoft et al. (2010) . No surface treatment was given to the kernels before the plating. The results are given as the percentage of cereal kernels infested with total Fusarium and with the identified Fusarium species.
Details of grain milling, extraction, purification, derivatisation and quantitatively determination with gas chromatography-mass spectrometry (GC-MS) of the trichothecene mycotoxins are also described in Bernhoft et al. (2010) .
Statistical analyses
Based on the conclusion of Bernhoft et al. (2010) , total Fusarium infestation, infestation of F. graminearum (the main DON producer), infestation of F. langsethiae (the main HT-2/T-2 producer), and the concentrations of the toxins DON and HT-2 were included as dependent variables in the statistical multivariate analyses. T-2 was omitted as it is heavily correlated with HT-2 and found at lower concentrations.
For mycological and chemical results below detection limits, the half-value of the detection limits was used in the statistical tests. To examine differences between farming systems, the collected continuous data about area grown, yield level, percentage lodged field, cereal moisture at sampling, as well as the percentage of Fusarium infestation, and the mycotoxin concentrations were statistically analysed for each cereal species by use of the Wilcoxon method. The Kruskal-Wallis method was applied to test significant differences in Fusarium infestation and mycotoxin concentrations between cereals produced in fields that were subject to reduced tillage, harrowing or ploughing irrespective of the farming system. These non-parametric statistical methods were selected due to lack of normal distributions of the data. The statistical significance level was set at p 5 0.05.
To illustrate differences between faming systems, collected categorical data about the preceding crop, fertilisers, fungicides, herbicides, insecticides, catch crop and growth regulators are presented without a statistical treatment for comparison between organic and conventional practice. Soil type is included in this presentation to exclude a systematic variation related to farming system for this categorical factor.
For multivariate analysis the percentage infestations of total Fusarium, F. graminearum and F. langsethiae were used directly as respond characteristics, whereas the continuous data on DON and HT-2 concentrations were transformed into groups each of six even intervals and then used as respond characteristics. The explanatory factors used were the categorical variables soil type, preceding crop, fertiliser, fungicide, herbicide, insecticide, catch crop, and the continuous variables share of lodged field and climate data (see above).
A mixed-effects Poisson regression model was used to fit the respond characteristics to the explanatory factors. Region and cereal species were both used as random effects to account for the fact that the means of the respond characteristics differ both between regions as well as between cereal species. The analysis was conducted using library lme4 function glmer (Bates et al. 2011) in R version 2.5.1 (R Development Core Team 2007). Model selection was done based on backward selection and ANOVA tests. Only covariates with p 5 0.001 were regarded as significant and included in the final model. The concluded models for each of the respond characteristics are reported with and without climate data as explanatory factors. When two covariates had a correlation coefficient higher than 0.50, only the covariates explaining most of the variation were included. To evaluate the effect of the concluded models, differences in deviance explained was compared with a zero model, where cereal species and region were used as random effects were calculated.
Results

Cereal production
The area of the organic cereal fields was generally smaller, with medians about half the size of conventional fields (Table 1 ). Organic cereal yields were also lower, with medians about 70% of the conventional. The percentages of lodged field were lower in organic barley and oats, whereas the share of lodged fields was not significantly different between organic and conventional wheat fields. The moisture content in organic barley and oats at cereal harvest was slightly, but statistically significantly higher than in the conventional cereal samples. In wheat, a corresponding difference in moisture content was not statistically significant ( Table 1) .
As expected, the soil type was mostly identical, with some deviations (Table 1) . This may be due to different interpretations among the farmers of what is the soil type, but also to real differences because the distance between the paired sampled fields was up to 2-3 km.
The organic farmers practised crop rotation much more actively than the conventional ones. The frequencies of the preceding crop of the same cereal species or another cereal species were lower in organic fields (Table 1) . For the type of soil cultivation (only registered 2004) there was no difference; most fields were ploughed in both farming systems and very few farmers used reduced soil tillage (Table 1) . The most striking difference between farming systems were found for fertilisation and pesticide treatments. Close to all conventional fields were fertilised. Most of these fields received mineral fertilisers, only a few received animal manure. More organic fields received no manure, possibly because the preceding crop was a green manure or clover ley. Usually, organic cereal fields had received animal manure, and in some cases other soil conditioners (e.g. meat and bone meal). A few organic fields had received some mineral fertiliser; this is probably potassium (K) fertiliser that may be applied when soil concentrations of K are low.
Fungicides were not used in organic fields. In conventional fields fungicides were largely used on wheat, to a lower extent on barley and hardly on oats. Most commonly used fungicides were azoxsystrobin combined with fenpropimorf or propiconazol combined with trifloxystrobin. Herbicides were not used in organic fields but used in most conventional fields irrespective of cereal species. A long list of herbicide compounds was reported. The most common compounds were tribenuron-methyl or MCPA (2-methyl-4-chlorophenoxyacetic acid) but also glyphosate was used to a certain extent. Insecticides were not used in organic fields, but to some extent they were in conventional fields, particularly in wheat. The most commonly used compounds were alphacypermetrin or esfenvalerat. Chemical plant growth regulators were used to some extent in conventional cereal production. The most common compounds were chloromequate chloride or etefon. Most organic producers used catch crops in the cereal fields, usually grass/clover, while only few conventional producers used catch crops.
Explanation of Fusarium infestation and mycotoxin contamination
The selected respond characteristics, total Fusarium infestation, the main DON producer F. graminearum, the main HT-2/T-2 producer F. langsethiae, and the toxins DON and HT-2 are present in Table 2 . For increased infestation of total Fusarium, the use of fungicide showed a significant positive correlation (Table 3) . Use of mineral fertiliser, lodged field and preceding crop being a cereal species also increased total Fusarium, whereas herbicide use was found to reduce the total Fusarium infestation. When climate factors were included in the model, the amount of precipitation in July was positively correlated with total Fusarium.
For F. graminearum, lack of crop rotation (preceding crop being a cereal) use of mineral fertiliser, lodged field and herbicide use increased the infestation. Furthermore, F. graminearum was also increased by use of green and animal manure as fertilisers. Soil type seemed to have an impact, and F. graminearum was less frequently found on heavy soils, especially clay soil. The use of insecticides showed a negative correlation with the infestation of F. graminearum. Opposite to the result for total Fusarium, F. graminearum seemed to be depressed by precipitation in July, whereas increased air humidity before harvest increased this mould species.
As for F. graminearum, its mycotoxin DON increased by lack of crop rotation. This was the only significantly explanatory agronomic factor for this characteristic. The only climate factor with a significant influence was temperature before harvest. The DON content decreased by increasing temperature.
The main HT-2 and T-2 producer F. langsethiae, primarily found in oat samples, was increased by lack of crop rotation and by use of herbicides. F. langsethiae was less frequent in lodged fields and increased with increasing temperature in July. Its related mycotoxin HT-2 was also reduced by crop rotation. Increased air humidity before harvest increased HT-2.
Cereal varieties
The cereal varieties that were commonly used (grown on five or more fields from each farming system) are presented as Table 4 . Altogether 21 varieties were grown of barley, 15 of oats and eight of wheat. Most varieties were grown in organic as well as in conventional agriculture but some (e.g. barley Gaute and Sunita) were clearly more popular among organic growers. For common varieties, the percentage infestation of total Fusarium and concentrations of main mycotoxins (DON and HT-2 in barley and oats; DON in wheat) were compared among farming systems for each single variety. In three out of 12 analyses of Fusarium, and in five out of 21 analyses of mycotoxins statistically significant differences were found. All significant differences were in favour of organic production.
Soil cultivation
The data on soil cultivation, only collected from the farmers in 2004, were not included in the comprehensive multivariate analyses. The impact of soil cultivation on the infestation of total Fusarium and concentrations of main mycotoxins (DON and HT-2 in barley and oats; DON in wheat) in cereals are presented in Table 5 . Most farmers had ploughed their fields (Table 1) , and hence the number of fields with reduced tillage or only harrowing is low. However, in barley higher levels of total Fusarium were found by reduced soil tillage.
Discussion
Organic versus conventional production
The descriptive agronomic data present in Table 1 are the basic information of this paper. Smaller fields, more crop rotation, no use of pesticides or mineral fertilisers, and extensive use of catch crops and lower yields are common characteristics of organic cereal fields (Ko¨pke et al. 2007 ). However, there is not a complete distinction between conventional and organic cereal fields; also conventional farmers may execute crop rotation, grow catch crops and avoid pesticides. For example, the use of pesticides was lower (Table 1) than might have been expected in conventional fields. The use of mineral versus organic (animal or green manure) fertilisers was the most evident difference among farming systems in this study. Soil cultivation was not particularly different by agronomic practice; most fields were ploughed in both farming systems. More commonly found lodged fields in conventional production may be due to higher yields with heavier ears, making the straw more vulnerable for rainfall and wind. The higher moisture in organic cereals at harvest was unexpected, as humidity is often linked to the incidence of lodged fields. However, the explanation may be the more extended use of catch crops in organic fields, increasing the total plant biomass and thereby the humidity of the cereal canopy. Another factor could be less evaporation of water from plants grown without easily dissolvable nitrogen, due to a more robust cell wall of such plants (van Arendonk et al. 1997). 
Agronomic explanations of Fusarium and mycotoxins in the cereals
Less infestation of Fusarium species and lower levels of related mycotoxins in grain samples from organic farming were presented in detail by Bernhoft et al. (2010) . An extract of these data is given in Table 2 . The present paper reveals some explanations for these differences. Lack of crop rotation was significantly connected to increases of measured characteristics: total Fusarium, F. graminearum, F. langsethiae, DON and HT-2. The results are in accordance with a range of reports discussing Fusarium and DON content in cereals (Aldred and Magan 2004; Edwards 2004; Oldenburg 2004; Beyer et al. 2006; Ko¨pke et al. 2007; Pageau et al. 2008) . Most authors also indicate that maize before cereals is particularly risky, but maize is not a common crop in Norway. The factor 'Other cereal species last year' had a larger importance than 'Same cereal species last year'. In addition, the factor 'Non-cereal crop last year' significantly decreased F. langsethiae and HT-2. These results indicate that continuous cropping of cereal species is a disadvantage with respect to Fusarium infestation and mycotoxins. The finding of largely the same Fusarium species on barley, oats and wheat (Bernhoft et al. 2010 ) may indicate that any of these cereal species may make the Fusarium inoculum correspondingly available for the crop produced next year.
In the present study the use of mineral fertilisers was significantly connected to an increase of total Fusarium and F. graminearum. The results are in accordance with those of a range of previous studies on the effect of nitrogen fertilisers on Fusarium, particularly on F. graminearum and DON, in cereal grains (Martin et fertilisers seem to support Fusarium to a lower extent. In the present study both manure and other organic fertilisers were significantly connected to increased F. graminearum infestation, but to a lesser degree than mineral fertilisers. There may be several explanations for the finding of particularly more Fusarium in the cereals with easily soluble nitrogen fertilisers. The nitrogen supply influences the cell wall structure and chemical composition of the plants (van Arendonk et al. 1997) , which may make them more susceptible to mould attack. Nitrogen fertilisation makes the plants bushier and the fields more crowded and humid, which may be optimal for the Fusarium spreading. Furthermore, nitrogen fertilisation implies taller plants with heavier ears more vulnerable for lodging. Just like use of mineral fertilisers, lodged field was connected to an increase of total Fusarium and F. graminearum. There was also a significant correlation between lodged fields and use of mineral fertilisers in the dataset. As lodged fields were less connected to total Fusarium and F. graminearum than the use of mineral fertilisers, an indirect connection between Fusarium and lodged fields via the use of mineral fertilisers producing tall and heavy plants is plausible. Furthermore, the close contact between soil Fusarium and the cereal ears of lodged fields which have a lesser possibility of drying up after rainfall and morning dew may also play a role.
On the other hand, lodged fields were connected to decreased infestation of F. langsethiae. Cereal ears close to the soil may receive less radiation from the sun. Accordingly, F. langsethiae infestation was connected to elevated temperature in July.
Thus, Fusarium species may behave differently to environmental conditions. Some kind of competition between Fusarium species is plausible.
The use of fungicides was strongly connected to the increase of total Fusarium. Furthermore, the use of herbicides was connected to increases of F. graminearum and F. langsethiae. On the other hand, herbicide use was connected to a decrease of total Fusarium, and insecticide use was connected to decreased F. graminearum. Thus, the present study confirms results from several studies that the impact of different chemicals on Fusarium species is not straightforward. Different Fusarium species may respond differently to the chemicals used. For the present study, the net effect was a negative impact of pesticides. As a range of chemical compounds of pesticides was used, it was not possible to test a relation between Fusarium and individual fungicides, herbicides or insecticides. The effects of fungicides on Fusarium head blight have been extensively studied. So far, elimination of Fusarium by fungicides seems impossible (Martin et al. 1991; Simpson et al. 2001; Aldred and 
2007
; Paul et al. 2007; Pirgozliev et al. 2008; Xue et al. 2009; Edwards and Godley 2010; Lehoczki-Krsjak et al. 2010) .
Relations between Fusarium infestation and the use of herbicides in cereals are far less reported. In spite of that, the herbicide glyphosate was shown to increase the incidence of Fusarium and other soil-borne pathogens more than two decades ago (Altman and Rovira 1989) , Henriksen and Elen (2005) did not find an effect of glyphosate spraying on total Fusarium in wheat, barley or oats. However, Fernandez et al. (2009) report a range of experiments of the effect of glyphosate on Fusarium in wheat and barley fields. Glyphosate treatment was consistently associated with higher Fusarium head blight, particularly due to F. graminearum and F. avenaceum. The authors suggest that the herbicide might cause changes in fungal communities via various mechanisms implying stimulation of Fusarium and impairment of other fungi as well as potentially impacting plant resistance.
Also insecticides influence the ecosystem of the cereal fields in complicated ways. In the present study rather few farmers had used insecticides and the authors find it to be speculative to discuss further the single, rather weak negative impact of insecticide use on F. graminearum.
In addition to the huge range of biotic soil factors influencing the Fusarium loads, physico-chemical factors of the soil may also play a role. Particularly clay soil but also silty soil were connected to reduced infestation of F. graminearum. A range of reports indicate that soils rich in clay are more suppressive to Fusarium than coarser silty and particularly sandy soils (Amir and Alabouvette 1993; Huang and Wong 1998; Alabouvette 1999; Knudsen et al. 1999; Shakhnazarova et al. 2000; Kurek and JaroszukScisel 2003 ). An improved environment for Fusarium antagonistic microorganisms in clay soils is the proposed explanation.
As most of the sampled fields were ploughed, soil cultivation was not found to be particularly different by agronomic practice. However, only one year of registration implies a restricted amount of these data so it was not possible to include soil cultivation in the multivariate statistical testing. An attempt to perform a descriptive analysis of total Fusarium, DON and HT-2 in groups of fields with different soil cultivation could not verify increased mycotoxin level in cereals after reduced tillage. However, total Fusarium was increased in barley after reduced tillage. Increased Fusarium and mycotoxin levels by reduced soil tillage have been observed in several studies (Ko¨pke et al. 2007) .
The difference in the susceptibility of cereal varieties to Fusarium is well known. In the present study a range of varieties of each cereal species was used. For most varieties, the number of registered fields was too small to reveal any impact of variety. Most varieties were represented in organic as well as in conventional agriculture, and hence it is not likely that different varieties have contributed significantly to the effect of farming system found in the present study. The differences found between Fusarium and mycotoxin in commonly used varieties were in favour of organic production. However, cereal varieties are probably responsible for some of the large unexplained and unassessed variation in Fusarium and mycotoxin levels in this study.
Climate explanations
Precipitation during cereal flowering will increase Fusarium infestation in the mature grain (Ko¨pke et al. 2007 ). In Norway grain flowering takes place in July and increased cereal Fusarium as well as DON were found in years with a rainy July during 1988 -1996 (Langseth and Elen 1997 . Accordingly, a strong correlation between precipitation in July and total Fusarium was found in the present study. However, F. graminearum was negatively correlated with July precipitation. F. graminearum infestation is generally favoured by warm weather (Miller 1994) . In temperate areas as in Norway, warm weather seldom occurs with precipitation. Thus, the previous finding of elevated cereal DON levels after a rainy July may have been more caused by F. culmorum. This species may grow under cooler conditions than F. graminearum (Miller 1994) , and was a decade ago a more dominant source of DON in Norwegian cereals (Langseth and Elen 1997; Kosiak et al. 2003) . A corresponding recent trend of decreased F. culmorum and increased F. graminearum is also reported from other European countries (Xu et al. 2005) .
In the present study, F. langsethiae was positively correlated with mean July temperature. Accordingly, Medina and Magan (2010) found a temperature optimum for F. langsethiae growth at 25 C, similarly as for F. graminearum. This is much higher than the Norwegian mean July temperature. By increasing temperatures in Norway, related to climatic change, both F. graminearum and F. langsethiae may become more common, increasing the problem with DON and HT-2/T-2, respectively.
However, in the present paper, DON and HT-2 were not increased by the same climate factors as their producers. Fusarium mycotoxins seem generally to be stimulated by a narrower window of climatic factors than the Fusarium infestation (Hope et al. 2005; Medina and Magan 2011) . Both toxins increased with cold and humid weather before harvest. Low temperature was the factor found to increase DON, and high air humidity the factor found to increase HT-2. For DON this result was unexpected as the optimal temperature for DON production may be around 25 C (Hope et al. 2005 ). However, low temperature is often connected to humid weather, and high water activity is more critical for toxin production than temperature (Hope et al. 2005) . Furthermore, increased DON by low temperatures before harvest may also be related to a late harvest. Mean temperature and humidity during a 2-week period before harvest are also rough measures, as also temperature changes may increase DON production (Ryu and Bullerman 1999) . Medina and Magan (2011) suggest that high water availability appears to be particularly important for toxin production from F. langsethiae, and far more critical than temperature. The present results are consistent with that finding. Thus, wet weather before harvest seems to be particularly bad for cereal contamination of HT-2/ T-2 as well as of DON.
Conclusion
Cereals from organic farming systems in Norway were found to be less heavily infested by Fusarium species than cereals from conventional farming systems. The statistical analyses revealed that this was mainly due to lack of crop rotation, use of mineral fertilisers and, to some extent, use of pesticides in the conventional systems. Climate registrations and statistical analyses indicate that the important DON and HT-2/T-2 producers F. graminearum and F. langsethiae, respectively, may become more common with warmer Julys. Furthermore, wet weather before harvest seems to be particularly bad for cereal contamination of HT-2/T-2 as well as of DON.
